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Highlights 36 
Activation of plant immunity is associated with dramatic changes in gene expression. Here 37 
we discuss diverse roles of the ubiquitin-proteasome system as a transcriptional regulator of 38 
immune genes.  39 
 40 
 41 
Abstract 42 
The ubiquitin-proteasome system (UPS) has been shown to play vital roles in diverse plant 43 
developmental and stress responses. The UPS post-translationally modifies cellular proteins 44 
with the small molecule ubiquitin, resulting in their regulated degradation by the proteasome. 45 
Of particular importance is the role of the UPS in regulating hormone-responsive gene 46 
expression profiles, including those triggered by the immune hormone salicylic acid (SA). SA 47 
utilises components of the UPS pathway to reprogram the transcriptome for establishment of 48 
local and systemic immunity. Emerging evidence has shown that SA induces the activity of 49 
Cullin-RING ligases (CRLs) that fuse chains of ubiquitin to downstream transcriptional 50 
regulators and consequently target them for degradation by the proteasome. Here we review 51 
how CRL-mediated degradation of transcriptional regulators may control SA-responsive 52 
immune gene expression programmes and discuss how the UPS can be modulated by both 53 
endogenous and foreign exogenous signals. The highlighted research findings paint a clear 54 
picture of the UPS as a central hub for immune activation as well as a battle ground for 55 
hijacking by pathogens.  56 
  57 
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Introduction to the Ubiquitin-Proteasome System 58 
Regulated degradation of short-lived or damaged proteins plays vital roles in the cellular 59 
development and signalling across eukaryotes. The ubiquitin-proteasome system (UPS) is 60 
responsible for the selection, targeting and proteolysis of specific substrates destined for 61 
degradation. UPS components are especially abundant in plants, suggesting this system is a 62 
key hub for the regulation of numerous plant cell processes. Emerging evidence from plants 63 
and animals indicates that UPS components do not only function merely to target substrates 64 
for degradation; they are also critical transcriptional co-regulators that are indispensable for 65 
developmental and stress-responsive gene expression programmes (Geng et al., 2012; 66 
Kelley and Estelle, 2012; Santner and Estelle, 2009; Vierstra, 2009).  67 
 Central to the functioning of the UPS is the post-translational modification of 68 
substrates by a single or polymeric chain of ubiquitin, a highly conserved small 8.5 kDa 69 
protein. Ubiquitin is covalently added to lysine (Lys) residues of substrates in a multi-step 70 
enzymatic cascade that involves E1 activating, E2 conjugating and E3 ligase enzymes. First 71 
an E1 enzyme forms a high-energy thioester bond to an ubiquitin adduct, which is then 72 
transferred onto the active site cysteine (Cys) residue of an E2 enzyme. The ubiquitin-loaded 73 
E2 enzyme then partners with an E3 ligase to transfer ubiquitin to a Lys residue of the target 74 
substrate. Reiterations of this reaction allow subsequent ubiquitin molecules to be similarly 75 
attached to internal Lys residues of the preceding ubiquitin, thus generating a chain of 76 
polyubiquitin on the substrate (Komander and Rape, 2012; Smalle and Vierstra, 2004). 77 
While chains can form by linking different Lys residues of ubiquitin, Lys48 linkage between 78 
four or more ubiquitins exhibits high affinity for ubiquitin receptors of the proteasome, a large 79 
2.5 MDa ATP-dependent chambered protease consisting of dozens of distinct subunits 80 
(Pickart and Cohen, 2004; Thrower et al., 2000). The 19S regulatory cap of the proteasome 81 
is responsible for recognition of ubiquitinated substrates, the chaperone-assisted unfolding 82 
of substrates, and releasing polyubiquitin for recycling. Subsequently unfolded substrates 83 
are threaded into the 20S particle of the proteasome, a barrel-shaped multi-catalytic 84 
proteinase, where they are cleaved into peptides (Pickart and Cohen, 2004).  85 
 Compared to other eukaryotes, plant genomes often encode for large numbers of 86 
UPS components, suggesting the UPS plays important roles in diverse cellular processes. 87 
Recent years have clearly shown that the UPS contributes to the establishment of local and 88 
systemic immunity in plants. Comprehensive reviews on the role of ubiquitination in plant 89 
immunity are already available (Duplan and Rivas, 2014; Furniss and Spoel, 2015; Marino et 90 
al., 2012; Trujillo and Shirasu, 2010), so here we provide a more focussed update on our 91 
understanding of how selected components of the UPS function as transcriptional co-92 
regulators of plant immune genes. 93 
 94 
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SA-responsive Cullin-RING Ligases are transcriptional co-regulators 95 
Amongst UPS components, E3 ligases are predominantly responsible for establishing 96 
selective UPS activity. E3 ligases specifically recognise and interact with their substrates, 97 
leading to their (poly)ubiquitination and, in case of Lys48-linked ubiquitin chains, subsequent 98 
degradation by the proteasome. Plants contain large numbers of E3 ligases (e.g. the 99 
Arabidopsis genome encodes for >1,500) that are predicted to each target different 100 
substrate repertoires (Mazzucotelli et al., 2006). Among these the family of modular multi-101 
subunit Cullin-RING Ligases (CRL), which are predicted to form nearly 700 different E3 102 
ligases, have been shown to be necessary for plant defence signalling by the immune 103 
hormones salicylic acid (SA) and jasmonic acid (JA).  104 
 Biotropic pathogen attack leads to rapid accumulation of SA, which acts as both a 105 
local and systemic signal for the induction of appropriate defences (Spoel and Dong, 2012). 106 
In incompatible plant-pathogen interactions SA acts locally as an agonist of programmed cell 107 
death, which is thought to confine pathogens to a hostile environment and deprive them of 108 
further nutrients. Pathogen attack also leads to accumulation of SA in tissues adjacent or 109 
distant from the (attempted) infection site where it coordinates the reprogramming of ~2,200 110 
genes, including pathogenesis-related (PR) genes (Wang et al., 2006). Genetic screens for 111 
SA-insensitive Arabidopsis mutants have repeatedly identified different npr1 (non-expressor 112 
of PR genes 1) alleles (Cao et al., 1994; Delaney et al., 1995; Glazebrook et al., 1996; Shah 113 
et al., 1997). NPR1 encodes a transcriptional coactivator with two protein-protein interaction 114 
domains: an N-terminal BTB (Bric-à-brac Tramtrack, and Broad complex) domain and a 115 
more C-terminal Ankyrin repeat domain (Cao et al., 1997; Ryals et al., 1997; Tada et al., 116 
2008). In resting cells conserved Cys residues in and adjacent to the BTB domain form 117 
disulphide bonds, resulting in formation of a high molecular weight cytoplasmic NPR1 118 
oligomer that is excluded from the nucleus (Kinkema et al., 2000; Mou et al., 2003). 119 
Accumulation of SA triggers changes in cellular redox potential that together with the thiol 120 
reductase action of Thioredoxins lead to reduction of these disulphide bonds with 121 
subsequent release of NPR1 monomer that translocates to the nucleus (Kinkema et al., 122 
2000; Mou et al., 2003; Tada et al., 2008). Nuclear NPR1 monomer interacts with and trans-123 
activates transcription factors of the TGA and WRKY families that associate with SA-124 
responsive gene promoters (Boyle et al., 2009; Després et al., 2000; Saleh et al., 2015; 125 
Zhang et al., 1999; Zhou et al., 2000). Thus, NPR1 is thought to be a master coactivator of 126 
SA-responsive immune gene transcription.  127 
 Disrupting formation of the NPR1 oligomer by mutation of oxidant-sensitive Cys156 128 
led to loss of long-term SA-induced resistance, indicating the oligomer is indispensable for 129 
NPR1 homeostasis (Tada et al., 2008). This effect was associated with a drastic decrease in 130 
NPR1 protein levels, suggesting nuclear NPR1 protein is unstable. Indeed, pharmacological 131 
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inhibition of the proteasome resulted in accumulation of NPR1 in the nucleus of resting cells 132 
and constitutive activation of its direct target genes (Spoel et al., 2009). Co-133 
immunoprecipitation experiments demonstrated that NPR1 associated with a nuclear CRL3 134 
ligase (also known as BC3B for BTB/Cullin3/BTB). Genetic perturbation of CRL3 by mutation 135 
of the Cullin 3 subunit or by mutating the COP9 signalosome that regulates the stability and 136 
activity of Cullin proteins (Petroski and Deshaies, 2005), stabilised NPR1 protein and was 137 
associated with constitutive expression of its target genes. This suggests that CRL3-138 
mediated degradation of NPR1 functions to maintain SA-responsive immune gene 139 
expression in a latent state, thereby preventing onset of autoimmunity (Figure 1).  140 
 Despite being necessary for the SA-responsive activation of target genes, 141 
paradoxically SA-induced NPR1 was also a substrate for CRL3-mediated ubiquitination and 142 
proteasomal degradation (Spoel et al., 2009). Mutation of CRL3 or an NPR1 phospho-site 143 
responsible for recruitment of NPR1 to CRL3 led to reduced SA-responsive gene expression 144 
and impaired disease resistance. These findings suggest that instability of NPR1 appeared 145 
to be necessary for full activation of its target genes. As we have proposed previously 146 
(Furniss and Spoel, 2015; Skelly et al., 2016; Spoel et al., 2009), this may be due to gene 147 
expression requiring continuous delivery of fresh transcriptionally competent NPR1 to active 148 
gene promoters (Figure 1). Although most transcriptional regulators are stable proteins, 149 
selected eukaryotic transcriptional regulators have been found to exhibit a similar instability 150 
as NPR1. These regulators often contain overlapping sequences that act as transactivation 151 
domains and degradation motifs (Salghetti et al., 2000). NPR1 was found to form a trans-152 
activating transcriptional complex with TGA2 transcription factors, which required core 153 
residues of the BTB domain as well as oxidation of two C-terminal cysteine residues 154 
(Rochon et al., 2006). Although these transactivation domains differ from the N-terminal 155 
phosphorylation sites that are necessary for recruitment of NPR1 to CRL3 (Spoel et al., 156 
2009), it is plausible that Lys ubiquitination occurs in or near these domains.  157 
 In rice, the Oryza sativa WRKY45 transcriptional activator exhibits overlap between 158 
trans-activating and proteolysis targeting sequences. OsWRKY45 performs a very similar 159 
function as Arabidopsis NPR1, as it is responsible for SA-responsive transcriptional 160 
reprogramming and establishment of resistance against bacterial and fungal pathogens 161 
(Nakayama et al., 2013; Shimono et al., 2012; Shimono et al., 2007). Pharmacological 162 
treatment with proteasome inhibitors resulted in accumulation of ubiquitinated OsWRKY45 163 
and blocked SA-induced transcriptional activation of its target genes (Matsushita et al., 164 
2013). Importantly, C-terminal sequences in OsWRKY45 were necessary for both its 165 
transcriptional activity as well as UPS-dependent degradation. Thus, SA-responsive gene 166 
expression in higher plants may be dependent on transcriptional regulators that harbour 167 
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sequences that function as both trans-activating domains and UPS targeting signals (Figure 168 
1).  169 
 While it remains unknown which E3 ligase is responsible for targeting OsWRKY45 for 170 
proteasome-dependent degradation, a CRL3 ligase has been implicated in SA-dependent 171 
immunity in rice. Studies on Cullin 3a (OsCUL3a) revealed that it interacted with RING-172 
BOX1 (RBX1) and RBX2 to constitute the core of CRL3 (Liu et al., 2017). Genetic analyses 173 
showed that oscul3a mutants displayed typical symptoms of autoimmune activation, 174 
suggesting CRL3 functions as immunosuppressant in rice. Similar to Arabidopsis NPR1, 175 
OsWRKY45 is continuously degraded by the UPS in resting cells and failure to clear this 176 
activator results in autoimmune phenotypes reminiscent of oscul3a (Matsushita et al., 2013). 177 
Thus, it is plausible that in analogy to Arabidopsis, CRL3 also targets OsWRKY45 for 178 
proteasome-mediated degradation in rice (Figure 1).  179 
 OsCUL3 was found to physically associate with the rice homologue of NPR1, known 180 
as OsNPR1 or NH1, which also functions in an SA-responsive immune signalling pathway. 181 
Cycloheximide and proteasome inhibition assays established that OsCUL3 is necessary for 182 
the proteasome-dependent degradation of OsNPR1, indicating that OsNPR1 is also a 183 
substrate of CRL3 (Liu et al., 2017). Rice CRL3 has the potential to influence a large 184 
transcriptional immune programme, as accumulation of OsNPR1 protein in oscul3a mutants 185 
was associated with activation of PR genes. This is in agreement with previous reports 186 
demonstrating that overexpression of OsNPR1 resulted in constitutive activation of immune 187 
genes and resistance to bacterial blight (Chern et al., 2001; Chern et al., 2005; Yuan et al., 188 
2007). However, genome-wide transcript profiling of OsNPR1 knock down lines showed that 189 
its function as an activator of immune genes was relatively modest in comparison to its role 190 
in transcriptional suppression. OsNPR1 directly or indirectly down regulated the expression 191 
of genes involved in photosynthesis and in chloroplast translation and transcription, 192 
suggesting it plays an important role in resource reallocation during establishment of 193 
immunity (Sugano et al., 2010). How CRL3-mediated ubiquitination of OsNPR1 affects 194 
suppression of these growth and development related genes currently remains unknown. 195 
Considering CRL3 controls the cellular levels of OsNPR1, it is expected that CRL3 plays an 196 
important role in limiting the suppressive effects of NPR1, thereby managing the balance 197 
between defence and growth (Figure 1).  198 
  199 
Composition and potential structure of CRL3 ligases in SA signalling 200 
To recruit substrates CRL3 ligases utilize specific substrate adaptors that typically contain a 201 
BTB domain and one or more additional protein-protein interaction domains. The BTB 202 
domain and adjacent sequences directly interact with CUL3 (Canning et al., 2013; Stogios et 203 
al., 2005; Zhuang et al., 2009), while the additional protein-protein interaction domain binds 204 
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to the substrate. Intriguingly, the NPR protein family appears to have all the necessary 205 
features to function as substrate adaptors for CUL3. In Arabidopsis this family consists of 206 
NPR1 and five NPR1-like genes, namely NPR1-like 2 (NPR2), NPR3, NPR4, BLADE-ON-207 
PETIOLE2 (BOP2; also named NPR5), and BOP1 (also named NPR6). Each of the NPR1 208 
proteins contains a conserved BTB and Ankyrin-repeat domain. Whereas BOP1 and BOP2 209 
contribute to leaf development and JA-mediated immune signalling (Canet et al., 2012; 210 
Hepworth et al., 2005), NPR1–4 have all been implicated in SA-dependent immune 211 
signalling (Canet et al., 2010; Cao et al., 1997; Fu et al., 2012; Liu et al., 2005; Zhang et al., 212 
2006). While little is known about the role of NPR2 in defence signalling, it was 213 
demonstrated that genetically NPR2 contributes to SA perception in npr1 null mutants 214 
(Canet et al. 2010). Recent work indicated that recruitment of NPR1 to CRL3 was dependent 215 
on both NPR3 and NPR4, suggesting these proteins recruit NPR1 for ubiquitination by a 216 
CRL3NPR3/4 ligase. This ligase was found to be necessary for establishment of SA-dependent 217 
systemic acquired resistance and pathogen effector-induced programmed cell death 218 
responses (Fu et al., 2012). Although it remains unclear how and if NPR3 and NPR4 219 
regulate the transcriptional activity of NPR1, these results clearly indicate the potential for 220 
NPR protein family members to provide specificity to CRL3 ligases in plant immunity. 221 
 Computational and protein crystallisation data have shown that CRL3 ligases are 222 
dimeric (Stogios et al., 2007; Zhuang et al., 2009; Zimmerman et al., 2010). Dimerization is 223 
driven by tight electrostatic interactions between BTB domains of two substrate adaptors, 224 
allowing the binding of two CUL3 subunits. Rather than recruiting two substrates, CRL3 225 
dimerisation has been suggested to improve the efficiency by which a single substrate 226 
molecule is ubiquitinated. It is thought that the dimer constrains the mobility of the substrate, 227 
thereby improving the rate of ubiquitination on target lysines (McMahon et al., 2006). 228 
Because self-association was found to be a general feature of many CRL3 ligases 229 
(McMahon et al., 2006), it is likely that NPR3 and NPR4 allow CRL3 in plants to form a 230 
dimeric complex that recruits NPR1 for ubiquitination. Current work in our laboratory is 231 
investigating if CRL3 forms homo- or heterodimers. Although heterodimers are not 232 
documented as a feature of BTB-containing CRL3 substrate adapters, it has been 233 
demonstrated for two hetero-oligomerising F-box proteins, Pop1p and Pop2p, which are part 234 
of an Skip-Cullin-F-box (SCF, also known as CRL1) ligase in fission yeast (Seibert et al., 235 
2002). While heterodimeric SCFPop1p-Pop2p target the cyclin-dependent kinase inhibitor Rum1p 236 
for degradation, homodimeric SCFPop1p and SCFPop2p complexes probably have different 237 
substrate preferences. Thus heterodimer or even heterooligomer formation between different 238 
NPR proteins potentially increases combinatorial diversity in substrate preference that could 239 
extend well beyond NPR1 as the sole substrate.  240 
 241 
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Coactivator turnover is modulated by endogenous and exogenous signals 242 
The destructive nature of the UPS must be tightly controlled to ensure appropriate levels of 243 
substrate degradation. A major regulatory checkpoint is the selective recruitment of 244 
substrates to E3 ligases. Diverse cellular signals including post-translational modifications 245 
mark substrates for recruitment to E3 ligases. Activation of nuclear NPR1 and its recruitment 246 
to CRL3 was recently shown to involve complex interplay between SUMOylation and 247 
(de)phosphorylation (Saleh et al., 2015). SA-induced dephosphorylation of Ser55/59 was 248 
prerequisite for modification of NPR1 by SUMO3. NPR1 SUMOylation was proposed to 249 
regulate positional interactions with its target promoters through differential association with 250 
transcription factor partners. Whereas unmodified NPR1 interacted with the transcriptional 251 
repressor WRKY70, SUMOylated NPR1 preferentially associated with the transcriptional 252 
activator TGA3. Importantly, SUMOylation itself or the resulting switch in transcriptional 253 
partner (i.e. from WRKY70 to TGA3) was required for subsequent phosphorylation of 254 
Ser11/15 (Saleh et al., 2015). Ser11/15 phosphorylation was in turn necessary for 255 
recruitment of NPR1 to CRL3, resulting in its ubiquitination and turnover by the proteasome 256 
(Figure 1) (Spoel et al., 2009). Although the exact residues remain unknown, OsWRKY45 in 257 
rice was also found to be phosphorylated. Interestingly, the phosphorylated form was highly 258 
responsive to proteasome inhibition, suggesting that site-specific phosphorylation of 259 
OsWRKY45 may also be required for its UPS-dependent degradation (Figure 1) (Matsushita 260 
et al., 2013). Thus, extensive interplay between diverse post-translational signals regulates 261 
the stability and associated activity of SA-responsive transcriptional (co)activators (Skelly et 262 
al., 2016).  263 
 Recruitment of substrates to E3 ligases is not only regulated by post-translational 264 
control mechanisms, it may also be facilitated or inhibited by small molecules. While this has 265 
driven the design of synthetic molecules for human medicine (Zheng and Shabek, 2017), in 266 
plants several major developmental and stress signalling pathways naturally utilise E3 267 
ligases as receptors for small-molecule hormones. This was first discovered for the plant 268 
developmental hormone auxin, which promotes the recruitment of a family of transcriptional 269 
repressors to an SCFTIR1 ubiquitin ligase. Structural biology approaches have shown that 270 
auxin acts as ‘molecular glue’ by enhancing protein-protein interactions between the SCF F-271 
box subunit TIR1 and transcriptional repressors. Consequently, auxin perception at or near 272 
the chromatin relieves transcriptional suppression by SCFTIR1-mediated ubiquitination and 273 
degradation of repressors (Dharmasiri et al., 2005; Kepinski and Leyser, 2005; Santner and 274 
Estelle, 2009). Other hormones, such as JA-isoleucine, are perceived similarly by different 275 
SCF ligase–substrate complexes, indicating that hormone perception by E3 ligases is a key 276 
mechanism for direct transcriptional regulation (Kelley and Estelle, 2012). Intriguingly, SA is 277 
also perceived by the CRL3 substrate adaptors NPR3 and NPR4, suggesting hormone 278 
9 
 
perception may be common a mechanism of perception by CRL ubiquitin ligases. Distinct 279 
from other hormones, however, SA also regulates how and when NPR3 and NPR4 interact 280 
with NPR1. This is a consequence of the vastly different affinities NPR3 and NPR4 have for 281 
SA. Whereas NPR3 has a relatively low affinity for SA, NPR4 displays much higher affinity. 282 
Moreover, SA binding has opposing effects on substrate recruitment. The result is that 283 
elevated levels of SA disrupt NPR1-NPR4 interactions, but promote NPR1-NPR3 284 
interactions (Fu et al., 2012). Thus, in absence of pathogen threat when low levels of SA are 285 
present, the CUL3NPR4 ubiquitin ligase complex is thought to suppress NPR1 monomer 286 
levels to prevent autoimmunity. Conversely, when cellular levels of SA increase following 287 
pathogen attack, NPR1 recruitment is switched from CUL3NPR4 to CUL3NPR3, which is 288 
necessary for local and systemic immune responses (Fu et al., 2012; Furniss and Spoel, 289 
2015). Although details of the mechanisms by which SA regulates CRL3NPR3/NPR4 remain 290 
largely unknown, the clear analogy to other CRL-dependent signalling pathways 291 
demonstrates that SA is a key small molecule involved directly in the regulation of NPR1 292 
stability and therefore likely also NPR1 transcriptional potency.  293 
 Endogenous signals originating from hormone signalling pathways may also 294 
modulate CRL3-mediated ubiquitination and degradation of NPR1 coactivator. The 295 
developmental hormone abscisic acid (ABA) interacts antagonistically with SA-dependent 296 
immune signalling. Some pathogens hijack this antagonism by inducing apparent increases 297 
in ABA biosynthesis, thereby inhibiting signalling steps both up and downstream of SA 298 
accumulation (de Torres-Zabala et al., 2007; Mohr and Cahill, 2007; Yasuda et al., 2008). A 299 
recent report investigated how ABA might impact SA signalling by examining NPR1 stability 300 
(Ding et al., 2016). It was found that treatment with ABA strongly reduced the cellular level of 301 
NPR1 in a CRL3NPR3/NPR4 and proteasome-dependent manner, suggesting that in 302 
unchallenged cells ABA antagonised SA signalling by destabilising NPR1. However, by 303 
changing the timing of pharmacological applications of SA and ABA, it was found that ABA 304 
reduces NPR1 protein levels only if ABA treatment preceded SA treatment. These data 305 
suggest that ABA has less control over the stability of SA-induced NPR1. Indeed, 306 
phosphorylation of Ser11/15, which is necessary for SA-induced NPR1 degradation, 307 
appeared to block ABA-induced NPR1 instability. Nonetheless, ABA treatment could strongly 308 
reduce SA-induced PR-1 gene expression, implying that antagonisms between SA and ABA 309 
is more complex than can be observed by examining NPR1 protein levels at a single time 310 
point. By temporally surveying NPR1 protein levels during infection by the virulent bacterial 311 
pathogen Pseudomonas syringae, the authors revealed that SA and ABA accumulate 312 
sequentially, which may allow a switch from SA-induced NPR1 protein degradation to ABA-313 
induced turnover (Ding et al., 2016). The functional outcome of switching between 314 
mechanisms of NPR1 degradation remains unclear but ABA-induced degradation of NPR1 315 
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during later stages of the immune response might be necessary for full-scale induction of 316 
NPR1-dependent target genes. How ABA recruits NPR1 for degradation by CRL3NPR3/4 also 317 
remains unknown, but it may well involve phosphorylation of NPR1 by members of the 318 
SNF1-related protein kinase (SnRK) family. SnRK members have been implicated in ABA 319 
signalling by promoting the transcriptional activity of ABA-responsive coactivators. More 320 
recently, SnRK2.8 was found to phosphorylate NPR1 at Ser589 and possibly Thr373, 321 
allowing its nuclear translocation in tissues distal from the site of infection (Lee et al., 2015). 322 
It is plausible that coordination between ABA- and SA-induced phosphorylation events 323 
orchestrate diverse pathways of NPR1 ubiquitination and degradation, each with distinct 324 
transcriptional outputs.  325 
 In addition to endogenous inputs, exogenous signals may also modulate 326 
transcriptional coactivator turnover. Curiously, pathogen effectors from a variety of plant 327 
pathogens have been shown to interfere with components of the host UPS machinery. Some 328 
effectors have been found to inhibit the activity of immune-related E3 ligases or enhance 329 
their stability, while others such as P. syringae avrPtoB mimic RING- and U-box-type E3 330 
ligases and target host pathogen recognition receptors for degradation (Duplan and Rivas, 331 
2014). More recently it was shown that the infection strategy of P. syringae includes 332 
inhibition of host proteasome activity in a type III secretion-dependent manner (Üstün et al., 333 
2016). A screen for secreted effectors uncovered several proteins, including HopM1, with 334 
proteasome inhibitor activity. Co-immunoprecipitation experiments showed that HopM1 335 
complexed with a variety of E3 ligases and proteasome subunits, demonstrating it directly 336 
targets the UPS (Üstün et al., 2016). Other pathogen effectors have also been identified to 337 
directly target the proteasome. The Xanthomonas campestris effector protein XopJ was 338 
found to suppress host proteasome activity by degrading the proteasomal AAA-ATPase 339 
subunit RPT6 (Üstün et al., 2013; Üstün and Bornke, 2015). The ATPase activity of RPT6 is 340 
thought to be required for the unfolding of substrates prior to their insertion into the 20S 341 
catalytic barrel. RPT6 contains Walker A and Walker B motifs that are essential for its ability 342 
to bind and hydrolyse ATP, respectively. Interestingly, it was shown that mutation of the 343 
Walker A motif abolished interaction with XopJ, whereas mutation of the Walker B motif 344 
prevented XopJ-mediated proteolysis of RPT6 (Üstün and Bornke, 2015). These findings 345 
suggest that only ATP-bound RPT6 is recognised by XopJ and that XopJ may mimic host 346 
substrates intended for proteasomal degradation. Importantly, XopJ-mediated proteolysis of 347 
RPT6 was linked to increased accumulation of ubiquitinated NPR1 and decreased turnover 348 
of this transcriptional coactivator, likely preventing full-scale activation of SA-responsive 349 
immune genes (Spoel et al., 2009; Üstün and Bornke, 2015). 350 
 Because of its critical role in the activation of SA-responsive immune genes, it has 351 
long been speculated that pathogen effectors also directly target NPR1 and supress its 352 
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transcriptional coactivator activity. Indeed, recent work identified the P. syringae effector 353 
avrPtoB, a U-box type E3 ligase, as an interactor of NPR1 (Chen et al., 2017). Curiously, SA 354 
enhanced interaction between avrPtoB and NPR1, leading to NPR1 ubiquitination and 355 
subsequent proteasomal degradation. Unlike immune-induced NPR1 ubiquitination and 356 
turnover, avrPtoB-induced degradation of NPR1 negatively affected SA-responsive gene 357 
expression and immunity (Chen et al., 2017). This suggests that avrPtoB either ubiquitinates 358 
distinct Lys residues in NPR1 as compared to CRL3 or it targets NPR1 for ubiquitination 359 
prior to its recruitment to CRL3. As SA promotes interaction between avrPtoB and NPR1, it 360 
is plausible that avrPtoB titrates NPR1 away from SA-mediated binding to the CRL3 361 
substrate adaptor NPR3.  362 
 363 
Degradation of other SA-responsive transcriptional immune regulators 364 
The UPS may control SA-responsive gene expression in ways that go well beyond 365 
regulating the stability of master (co)activators such as NPR1 and OsWRKY45. SA-366 
responsive gene expression is modulated by many other transcriptional activators and 367 
repressors from the TGA, WRKY and NIMIN or OsNRR families, many of which physically 368 
interact with NPR1 and the CRL3 substrate adaptors NPR3 and NPR4 (Chern et al., 2014; 369 
Liu et al., 2005; Saleh et al., 2015; Shi et al., 2013; Weigel et al., 2001; Zhang et al., 2006). 370 
Interestingly, some of these transcriptional regulators or their close relatives have been 371 
reported to exhibit UPS-dependent instability. TGA1 and TGA3 transcriptional activators 372 
have been shown to interact with NPR proteins and their protein levels are regulated by 373 
post-transcriptional mechanisms. Although their protein levels appeared to be controlled 374 
developmentally, inhibition of the proteasome resulted in accumulation of TGA3 in the 375 
nucleus (Pontier et al., 2002). This suggests that TGA3 is unstable and its degradation could 376 
be managed by SA. Because TGA3 interacts with NPR3 and NPR4 (Zhang et al., 2006), it is 377 
plausible that TGA3 is regulated by an SA-induced CRL3NPR3 or CRL3NPR4. Alternatively, 378 
TGA3 could be targeted for degradation indirectly through its interaction with NPR1 via 379 
concurrent ubiquitination and degradation. Concurrent ubiquitination and degradation of 380 
multiple physically associated substrates has already been reported for a CRL3 ligase 381 
involved in light signalling (Ni et al., 2014). In addition to TGA transcription factors, WRKY 382 
transcription factors regulate SA-responsive gene expression both positively and negatively. 383 
While (in)stability of the wider WRKY protein family has not yet been examined, some 384 
WRKY proteins such as the above discussed OsWRKY45 have been found to be subject to 385 
UPS-dependent degradation. In Arabidopsis WRKY53 was found to be a substrate of HECT 386 
domain-containing Ubiquitin Protein Ligase 5 (UPL5) during leaf senescence (Miao and 387 
Zentgraf, 2010). Notably WRKY53 is also an activator of SA-responsive immune genes 388 
(Wang et al., 2006), implying the possibility that control of WRKY53 protein levels by the 389 
12 
 
UPS also impacts SA-dependent gene expression. In Chinese wild grapevine Vitis 390 
pseudoreticulata WRKY11 (VpWRKY11) was targeted for ubiquitination and degradation by 391 
the RING E3 ligase Erysiphe necator-induced RING finger protein 1 (EIRP1), which was 392 
necessary for resistance to a variety of different pathogens but specific effects on SA-393 
responsive gene expression remained unclear.  (Yu et al., 2013). Finally, in Arabidopsis 394 
Signal Responsive 1 (SR1), a Ca2+/calmodulin binding transcription factor, was found to be 395 
controlled by ubiquitination and degradation. SR1 binds to and suppresses the promoter of 396 
Enhanced Disease Susceptibility 1 (EDS1), a gene involved in the biosynthesis of SA. 397 
Consequently, mutant sr1-1 plants exhibit increased transcript levels of EDS1 as well as 398 
other SA biosynthesis genes and accumulate elevated levels of SA (Du et al., 2009). Recent 399 
work demonstrated that SR1 is recruited to a CRL3 ligase for ubiquitination and proteasome-400 
mediated degradation. Interestingly, SR1 is recruited to CRL3 by SR1 Interacting Protein 1 401 
(SR1IP1), a protein containing both BTB and non-phototrophic hypocotyl 3 (NPH3) protein-402 
protein interaction domains, which are typical characteristics of a CRL3 adaptor (Stogios et 403 
al., 2005; Zhang et al., 2014). SR1IP1 was shown to function as a positive regulator of SA-404 
mediated defence responses by removing the transcriptional repressor SR1. Taken together 405 
with knowledge gained on CRL3NPR ligases, these findings imply the exciting possibility that 406 
CRL3 dynamically switches between different substrate adaptors to recruit distinct 407 
transcriptional (co)regulators for ubiquitination and degradation.  408 
 409 
Perspectives 410 
The complex roles of the UPS in regulating eukaryotic gene expression have been an 411 
intense field of study for some time now (Collins and Tansey, 2006; Geng et al., 2012). 412 
Involvement of the UPS in plant immune transcriptional reprogramming is now well 413 
established but the complexity is only just being uncovered. Aside from regulating SA-414 
mediated immunity, the UPS is also vital in the control of JA-responsive gene expression 415 
during development and immunity. JA facilitates the molecular association between SCFCOI1 416 
ligase and its substrates, JAZ transcriptional corepressors. SCFCOI1-mediated degradation of 417 
JAZ corepressors releases numerous transcription factors from suppression and leads to the 418 
activation of amongst others defence responses against necrotrophic pathogens and 419 
insects, a topic extensively reviewed elsewhere (Goossens et al., 2016; Zhang et al., 2017). 420 
Interestingly, under many circumstances the SA and JA signals are antagonistic. SA exerts 421 
its antagonisms through the function of NPR1, which was uncovered as a potent suppressor 422 
of JA-responsive gene expression (Spoel et al., 2003). It remains unclear if there are any 423 
spatial chromatin interactions between SA-responsive CRL3NPR and JA-responsive SCFCOI1 424 
ligases but evidence suggests that SA and NPR1 suppress JA signalling further 425 
downstream. Indeed, activation of SA signalling failed to interfere with SCFCOI1-mediated 426 
13 
 
degradation of JAZ corepressors. Instead, SA strongly reduced protein levels of the JA-427 
responsive transcriptional activator ORA59, which functions downstream of SCFCOI1 (Van 428 
der Does et al., 2013). Future research should reveal if this negative effect of SA on ORA59 429 
protein levels is mediated by an SA-induced CRL3NPR ligase. This is highly plausible as a 430 
recent report demonstrated that CRL3NPR3/NPR4 may also target transcriptional components of 431 
JA signalling during pathogen effector-triggered immunity (Liu et al., 2016). Unlike local 432 
immune responses to virulent pathogens, immunity triggered by the recognition of pathogen 433 
effectors is not associated with antagonisms between the SA and JA signals (Spoel et al., 434 
2007). It was found that antagonism is avoided through CRL3NPR3/NPR4-mediated 435 
ubiquitination and removal of JAZ corepressors, allowing activation of JA-responsive genes 436 
in a cellular environment of active SA signalling. Curiously, pharmacological application of 437 
SA was insufficient to induce degradation of JAZ corepressors by CRL3NPR3/NPR4, suggesting 438 
that effector recognition triggers additional signalling pathways that activate or recruit this E3 439 
ligase. Taken together, these findings highlight the complexity of CRL functions and 440 
substrate interactions in transcriptional reprogramming during establishment of immunity.  441 
 Beyond E3 ligases the proteasome itself may also play important roles in the 442 
regulation of gene expression programmes. In yeast and human cells the proteasome has 443 
been found to physically associate with the chromatin and regulate the expression of 444 
thousands of genes (Collins and Tansey, 2006; Geng et al., 2012). Our understanding of 445 
how proteasomes are recruited to the chromatin sites where they are most needed is still in 446 
its infancy but may be dependent on both E3 ligases and their substrates. In this respect it is 447 
interesting to note that many E3 ligases interact with the 19S proteasome particle, 448 
suggesting they might directly hand over ubiquitinated substrates for degradation (Schmidt 449 
et al., 2005). Moreover, the proteasome may have resident E3 ligases that further modify 450 
substrates before their degradation (Crosas et al., 2006; Schmidt et al., 2005), indicating 451 
further signalling complexity is achieved at the proteasome itself. Thus, to gain full 452 
appreciation of how the UPS controls transcriptional reprogramming in plant immunity, the 453 
future challenge is to uncover post-translational regulation and substrate repertoires of E3 454 
ligases and the proteasome itself across different interconnected immune signalling 455 
pathways.  456 
 457 
Acknowledgements 458 
S.H.S was supported by a Royal Society University Research Fellowship (UF140600), the 459 
Biotechnology and Biological Sciences Research Council (BBSRC) grant no. BB/L006219/1 460 
and by the European Research Council (ERC) under the European Union’s Horizon 2020 461 
Research and Innovation Programme Grant No. 678511. E.H.G.A. was supported by an 462 
14 
 
Industrial CASE studentship (BB/M503216/1) from the BBSRC co-funded by Bayer Crop 463 
Science AG.  464 
  465 
15 
 
References 466 
 467 
Boyle P, Le Su E, Rochon A, Shearer HL, Murmu J, Chu JY, Fobert PR, Despres C. 468 
2009. The BTB/POZ domain of the Arabidopsis disease resistance protein NPR1 interacts 469 
with the repression domain of TGA2 to negate its function. The Plant Cell 21, 3700-3713. 470 
Canet JV, Dobon A, Fajmonova J, Tornero P. 2012. The BLADE-ON-PETIOLE genes of 471 
Arabidopsis are essential for resistance induced by methyl jasmonate. BMC Plant Biology 472 
12, 199. 473 
Canet JV, Dobon A, Roig A, Tornero P. 2010. Structure-function analysis of npr1 alleles in 474 
Arabidopsis reveals a role for its paralogs in the perception of salicylic acid. Plant Cell & 475 
Environment 33, 1911-1922. 476 
Canning P, Cooper CDO, Krojer T, Murray JW, Pike AC, Chaikuad A, Keates T, 477 
Thangaratnarajah C, Hojzan V, Ayinampudi V, Marsden BD, Gileadi O, Knapp S, von 478 
Delft F, Bullock AN. 2013. Structural basis for Cul3 protein assembly with the BTB-Kelch 479 
family of E3 ubiquitin ligases. Journal of Biological Chemistry 288, 7803-7814. 480 
Cao H, Bowling SA, Gordon AS, Dong X. 1994. Characterization of an Arabidopsis mutant 481 
that is nonresponsive to inducers of systemic acquired resistance. The Plant Cell 6, 1583-482 
1592. 483 
Cao H, Glazebrook J, Clarke JD, Volko S, Dong X. 1997. The Arabidopsis NPR1 gene 484 
that controls systemic acquired resistance encodes a novel protein containing ankyrin 485 
repeats. Cell 88, 57-63. 486 
Chen H, Chen J, Li M, Chang M, Xu K, Shang Z, Zhao Y, Palmer I, Zhang Y, McGill J, 487 
Alfano JR, Nishimura MT, Liu F, Fu ZQ. 2017. A bacterial type III effector targets the 488 
master regulator of salicylic acid signaling, NPR1, to subvert plant immunity. Cell Host & 489 
Microbe 22, 777-788 e777. 490 
Chern M-S, Fitzgerald HA, Yadav RC, Canlas PE, Dong X, Ronald PC. 2001. Evidence 491 
for a disease-resistance pathway in rice similar to the NPR1-mediated signaling pathway in 492 
Arabidopsis. Plant Journal 27, 101-113. 493 
Chern M, Bai W, Ruan D, Oh T, Chen X, Ronald PC. 2014. Interaction specificity and 494 
coexpression of rice NPR1 homologs 1 and 3 (NH1 and NH3), TGA transcription factors and 495 
Negative Regulator of Resistance (NRR) proteins. BMC Genomics 15, 461. 496 
Chern M, Fitzgerald HA, Canlas PE, Navarre DA, Ronald PC. 2005. Overexpression of a 497 
rice NPR1 homolog leads to constitutive activation of defense response and hypersensitivity 498 
to light. Molecular Plant-Microbe Interactions 18, 511-520. 499 
Collins GA, Tansey WP. 2006. The proteasome: a utility tool for transcription? Current 500 
Opinion in Gentics & Development 16, 197-202. 501 
Crosas B, Hanna J, Kirkpatrick DS, Zhang DP, Tone Y, Hathaway NA, Buecker C, 502 
Leggett DS, Schmidt M, King RW, Gygi SP, Finley D. 2006. Ubiquitin chains are 503 
remodeled at the proteasome by opposing ubiquitin ligase and deubiquitinating activities. 504 
Cell 127, 1401-1413. 505 
de Torres-Zabala M, Truman W, Bennett MH, Lafforgue G, Mansfield JW, Rodriguez 506 
Egea P, Bogre L, Grant M. 2007. Pseudomonas syringae pv. tomato hijacks the 507 
Arabidopsis abscisic acid signalling pathway to cause disease. Embo Journal 26, 1434-508 
1443. 509 
Dharmasiri N, Dharmasiri  S, Estelle M. 2005. The F-box protein TIR1 is an auxin 510 
receptor. Nature 435, 441–445. 511 
Delaney TP, Friedrich L, Ryals JA. 1995. Arabidopsis signal transduction mutant defective 512 
in chemically and biologically induced disease resistance. Proceedings of the National 513 
Academy of Sciences USA 92, 6602-6606. 514 
Després C, DeLong C, Glaze S, Liu E, Fobert PR. 2000. The Arabidopsis NPR1/NIM1 515 
protein enhances the DNA binding activity of a subgroup of the TGA family of bZIP 516 
transcription factors. The Plant Cell 12, 279-290. 517 
16 
 
Ding Y, Dommel M, Mou Z. 2016. Abscisic Acid Promotes Proteasome-Mediated 518 
Degradation of the Transcription Coactivator NPR1 in Arabidopsis thaliana. The Plant 519 
Journal. 520 
Du L, Ali GS, Simons KA, Hou J, Yang T, Reddy ASN, Poovaiah BW. 2009. 521 
Ca2+/calmodulin regulates salicylic-acid-mediated plant immunity. Nature 457, 1154-1158. 522 
Duplan V, Rivas S. 2014. E3 ubiquitin-ligases and their target proteins during the regulation 523 
of plant innate immunity. Frontiers in Plant Science 5, 42. 524 
Fu ZQ, Yan S, Saleh A, Wang W, Ruble J, Oka N, Mohan R, Spoel SH, Tada Y, Zheng N, 525 
Dong X. 2012. NPR3 and NPR4 are receptors for the immune signal salicylic acid in plants. 526 
Nature 486, 228-232. 527 
Furniss JJ, Spoel SH. 2015. CULLIN-RING ubiquitin ligases in salicylic acid-mediated plant 528 
immune signaling. Frontiers in Plant Science 6, 154. 529 
Gagne JM, Downes BP, Shiu SH, Durski AM, Vierstra RD. 2002. The F-box subunit of the 530 
SCF E3 complex is encoded by a diverse superfamily of genes in Arabidopsis. Proceedings 531 
of the National Academy of Sciences USA 99, 11519–11524. 532 
Geng F, Wenzel S, Tansey WP. 2012. Ubiquitin and proteasomes in transcription. Annual 533 
Review of Biochemistry 81, 177-201. 534 
Glazebrook J, Rogers EE, Ausubel FM. 1996. Isolation of Arabidopsis mutants with 535 
enhanced disease susceptibility by direct screening. Genetics 143, 973-982. 536 
Goossens J, Fernandez-Calvo P, Schweizer F, Goossens A. 2016. Jasmonates: signal 537 
transduction components and their roles in environmental stress responses. Plant Molecular 538 
Biology 91, 673-689. 539 
Hepworth SR, Zhang Y, McKim S, Li X, Haughn GW. 2005. BLADE-ON-PETIOLE-540 
dependent signaling controls leaf and floral patterning in Arabidopsis. The Plant Cell 17, 541 
1434-1448. 542 
Kelley DR, Estelle M. 2012. Ubiquitin-mediated control of plant hormone signaling. Plant 543 
Physiology 160, 47-55. 544 
Kepinski S, Leyser O. 2005. The Arabidopsis F-box protein TIR1 is an auxin 545 
receptor. Nature 435, 446–451. 546 
Kinkema M, Fan W, Dong X. 2000. Nuclear localization of NPR1 is required for activation of 547 
PR gene expression. The Plant Cell 12, 2339-2350. 548 
Komander D, Rape M. 2012. The ubiquitin code. Annual Review of Biochemistry 81, 203-549 
229. 550 
Lee HJ, Park YJ, Seo PJ, Kim JH, Sim HJ, Kim SG, Park CM. 2015. Systemic Immunity 551 
Requires SnRK2.8-Mediated Nuclear Import of NPR1 in Arabidopsis. The Plant Cell 27, 552 
3425-3438. 553 
Liu G, Holub EB, Alonso JM, Ecker JR, Fobert PR. 2005. An Arabidopsis NPR1-like gene, 554 
NPR4, is required for disease resistance. Plant Journal 41, 304-318. 555 
Liu L, Sonbol FM, Huot B, Gu Y, Withers J, Mwimba M, Yao J, He SY, Dong X. 2016. 556 
Salicylic acid receptors activate jasmonic acid signalling through a non-canonical pathway to 557 
promote effector-triggered immunity. Nature Communications 7, 13099. 558 
Liu Q, Ning Y, Zhang Y, Yu N, Zhao C, Zhan X, Wu W, Chen D, Wei X, Wang GL, Cheng 559 
S, Cao L. 2017. OsCUL3a Negatively Regulates Cell Death and Immunity by Degrading 560 
OsNPR1 in Rice. The Plant Cell 29, 345-359. 561 
Marino D, Peeters N, Rivas S. 2012. Ubiquitination during plant immune signaling. Plant 562 
Physiology 160, 15-27. 563 
Matsushita A, Inoue H, Goto S, Nakayama A, Sugano S, Hayashi N, Takatsuji H. 2013. 564 
Nuclear ubiquitin proteasome degradation affects WRKY45 function in the rice defense 565 
program. The Plant Journal 73, 302-313. 566 
Mazzucotelli E, Belloni S, Marone D, De Leonardis A, Guerra D, Di Fonzo N, Cattivelli 567 
L, Mastrangelo A. 2006. The e3 ubiquitin ligase gene family in plants: regulation by 568 
degradation. Current Genomics 7, 509-522. 569 
McMahon M, Thomas N, Itoh K, Yamamoto M, Hayes JD. 2006. Dimerization of substrate 570 
adaptors can facilitate cullin-mediated ubiquitylation of proteins by a "tethering" mechanism: 571 
17 
 
a two-site interaction model for the Nrf2-Keap1 complex. Journal of Biological Chemistry 572 
281, 24756-24768. 573 
Miao Y, Zentgraf U. 2010. A HECT E3 ubiquitin ligase negatively regulates Arabidopsis leaf 574 
senescence through degradation of the transcription factor WRKY53. The Plant Journal 63, 575 
179-188. 576 
Mohr PG, Cahill DM. 2007. Suppression by ABA of salicylic acid and lignin accumulation 577 
and the expression of multiple genes, in Arabidopsis infected with Pseudomonas syringae 578 
pv. tomato. Functional & Integrative Genomics 7, 181-191. 579 
Mou Z, Fan W, Dong X. 2003. Inducers of plant systemic acquired resistance regulate 580 
NPR1 function through redox changes. Cell 113, 935-944. 581 
Nakayama A, Fukushima S, Goto S, Matsushita A, Shimono M, Sugano S, Jiang CJ, 582 
Akagi A, Yamazaki M, Inoue H, Takatsuji H. 2013. Genome-wide identification of 583 
WRKY45-regulated genes that mediate benzothiadiazole-induced defense responses in rice. 584 
BMC Plant Biology 13, 150. 585 
Ni W, Xu SL, Tepperman JM, Stanley DJ, Maltby DA, Gross JD, Burlingame AL, Wang 586 
ZY, Quail PH. 2014. A mutually assured destruction mechanism attenuates light signaling in 587 
Arabidopsis. Science 344, 1160-1164. 588 
Petroski MD, Deshaies RJ. 2005. Function and regulation of cullin-RING ubiquitin ligases. 589 
Nature Reviews Molecular Cell Biology 6, 9-20. 590 
Pickart CM, Cohen RE. 2004. Proteasomes and their kin: proteases in the machine age. 591 
Nature Reviews Molecular Cell Biology 5, 177-187. 592 
Pontier D, Privat I, Trifa Y, Zhou JM, Klessig DF, Lam E. 2002. Differential regulation of 593 
TGA transcription factors by post-transcriptional control. The Plant Journal 32, 641-653. 594 
Rochon A, Boyle P, Wignes T, Fobert PR, Després C. 2006. The coactivator function of 595 
Arabidopsis NPR1 requires the core of its BTB/POZ domain and the oxidation of C-terminal 596 
cysteines. The Plant Cell 18, 3670-3685. 597 
Ryals J, Weymann K, Lawton K, Friedrich L, Ellis D, Steiner HY, Johnson J, Delaney 598 
TP, Jesse T, Vos P, Uknes S. 1997. The Arabidopsis NIM1 protein shows homology to the 599 
mammalian transcription factor inhibitor IkB. The Plant Cell 9, 425-439. 600 
Saleh A, Withers J, Mohan R, Marqués J, Gu Y, Yan S, Zavaliev R, Nomoto M, Tada Y, 601 
Dong X. 2015. Posttranslational Modifications of the Master Transcriptional Regulator NPR1 602 
Enable Dynamic but Tight Control of Plant Immune Responses. Cell Host & Microbe 18, 603 
169-182. 604 
Salghetti SE, Muratani M, Wijnen H, Futcher B, Tansey WP. 2000. Functional overlap of 605 
sequences that activate transcription and signal ubiquitin-mediated proteolysis. Proceedings 606 
of the National Academy of Sciences USA 97, 3118-3123. 607 
Santner A, Estelle M. 2009. Recent advances and emerging trends in plant hormone 608 
signalling. Nature 459, 1071-1078. 609 
Schmidt M, Hanna J, Elsasser S, Finley D. 2005. Proteasome-associated proteins: 610 
regulation of a proteolytic machine. Biol Chem 386, 725-737. 611 
Seibert V, Prohl C, Schoultz I, Rhee E, Lopez R, Abderazzaq K, Zhou C, Wolf DA. 2002. 612 
Combinatorial diversity of fission yeast SCF ubiquitin ligases by homo- and heterooligomeric 613 
assemblies of the F-box proteins Pop1p and Pop2p. BMC Biochemistry 3, 22. 614 
Shah J, Tsui F, Klessig DF. 1997. Characterization of a salicylic acid-insensitive mutant 615 
(sai1) of Arabidopsis thaliana, identified in a selective screen utilizing the SA-inducible 616 
expression of the tms2 gene. Molecular Plant-Microbe Interactions 10, 69-78. 617 
Shi Z, Maximova S, Liu Y, Verica J, Guiltinan MJ. 2013. The salicylic acid receptor NPR3 618 
is a negative regulator of the transcriptional defense response during early flower 619 
development in Arabidopsis. Molecular Plant 6, 802-816. 620 
Shimono M, Koga H, Akagi A, Hayashi N, Goto S, Sawada M, Kurihara T, Matsushita A, 621 
Sugano S, Jiang CJ, Kaku H, Inoue H, Takatsuji H. 2012. Rice WRKY45 plays important 622 
roles in fungal and bacterial disease resistance. Molecular Plant Pathology 13, 83-94. 623 
Shimono M, Sugano S, Nakayama A, Jiang CJ, Ono K, Toki S, Takatsuji H. 2007. Rice 624 
WRKY45 plays a crucial role in benzothiadiazole-inducible blast resistance. The Plant Cell 625 
19, 2064-2076. 626 
18 
 
Skelly MJ, Frungillo L, Spoel SH. 2016. Transcriptional regulation by complex interplay 627 
between post-translational modifications. Current Opinion in Plant Biology 33, 126-132. 628 
Smalle J, Vierstra RD. 2004. The ubiquitin 26S proteasome proteolytic pathway. Annual 629 
Review of Plant Biology 55, 555-590. 630 
Spoel SH, Dong X. 2012. How do plants achieve immunity? Defence without specialized 631 
immune cells. Nature Reviews Immunology 12, 89-100. 632 
Spoel SH, Johnson JS, Dong X. 2007. Regulation of tradeoffs between plant defenses 633 
against pathogens with different lifestyles. Proceedings of the National Academy of Sciences 634 
USA 104, 18842-18847. 635 
Spoel SH, Koornneef A, Claessens SMC, Korzelius JP, Van Pelt JA, Mueller MJ, 636 
Buchala AJ, Métraux J-P, Brown R, Kazan K, Van Loon LC, Dong X, Pieterse CMJ. 637 
2003. NPR1 modulates cross-talk between salicylate- and jasmonate-dependent defense 638 
pathways through a novel function in the cytosol. The Plant Cell 15, 760-770. 639 
Spoel SH, Mou Z, Tada Y, Spivey NW, Genschik P, Dong X. 2009. Proteasome-mediated 640 
turnover of the transcription coactivator NPR1 plays dual roles in regulating plant immunity. 641 
Cell 137, 860-872. 642 
Stogios PJ, Chen L, Prive GG. 2007. Crystal structure of the BTB domain from the 643 
LRF/ZBTB7 transcriptional regulator. Protein Science 16, 336-342. 644 
Stogios PJ, Downs GS, Jauhal JJS, Nandra SK, Prive GG. 2005. Sequence and 645 
structural analysis of BTB domain proteins. Genome Biol 6, R82. 646 
Sugano S, Jiang CJ, Miyazawa SI, Masumoto C, Yazawa K, Hayashi N, Shimono M, 647 
Nakayama A, Miyao M, Takatsuji H. 2010. Role of OsNPR1 in rice defense program as 648 
revealed by genome-wide expression analysis. Plant Molecular Biology 74, 549-562. 649 
Tada Y, Spoel SH, Pajerowska-Mukhtar K, Mou Z, Song J, Wang C, Zuo J, Dong X. 650 
2008. Plant immunity requires conformational changes of NPR1 via S-nitrosylation and 651 
thioredoxins. Science 321, 952-956. 652 
Thrower JS, Hoffman L, Rechsteiner M, Pickart CM. 2000. Recognition of the 653 
polyubiquitin proteolytic signal. Embo Journal 19, 94-102. 654 
Trujillo M, Shirasu K. 2010. Ubiquitination in plant immunity. Current Opinion in Plant 655 
Biology 13, 402-408. 656 
Üstün S, Bartetzko V, Bornke F. 2013. The Xanthomonas campestris type III effector XopJ 657 
targets the host cell proteasome to suppress salicylic-acid mediated plant defence. PLoS 658 
Pathogens 9, e1003427. 659 
Üstün S, Bornke F. 2015. The Xanthomonas campestris type III effector XopJ 660 
proteolytically degrades proteasome subunit RPT6. Plant Physiology 168, 107-119. 661 
Üstün S, Sheikh A, Gimenez-Ibanez S, Jones A, Ntoukakis V, Bornke F. 2016. The 662 
proteasome acts as a hub for plant immunity and is targeted by Pseudomonas type-III 663 
effectors. Plant Physiology 172, 1941-1958. 664 
Van der Does D, Leon-Reyes A, Koornneef A, Van Verk MC, Rodenburg N, Pauwels L, 665 
Goossens A, Korbes AP, Memelink J, Ritsema T, Van Wees SCM, Pieterse CMJ. 2013. 666 
Salicylic acid suppresses jasmonic acid signaling downstream of SCFCOI1-JAZ by targeting 667 
GCC promoter motifs via transcription factor ORA59. The Plant Cell 25, 744-761. 668 
Vierstra RD. 2009. The ubiquitin-26S proteasome system at the nexus of plant biology. 669 
Nature Reviews Molecular Cell Biology 10, 385-397. 670 
Wang D, Amornsiripanitch N, Dong X. 2006. A genomic approach to identify regulatory 671 
nodes in the transcriptional network of systemic acquired resistance in plants. PLoS 672 
Pathogens 2, e123. 673 
Weigel RR, Bauscher C, Pfitzner AJ, Pfitzner UM. 2001. NIMIN-1, NIMIN-2 and NIMIN-3, 674 
members of a novel family of proteins from Arabidopsis that interact with NPR1/NIM1, a key 675 
regulator of systemic acquired resistance in plants. Plant Molecular Biology 46, 143-160. 676 
Yasuda M, Ishikawa A, Jikumaru Y, Seki M, Umezawa T, Asami T, Maruyama-677 
Nakashita A, Kudo T, Shinozaki K, Yoshida S, Nakashita H. 2008. Antagonistic 678 
interaction between systemic acquired resistance and the abscisic acid-mediated abiotic 679 
stress response in Arabidopsis. The Plant Cell 20, 1678-1692. 680 
19 
 
Yu Y, Xu W, Wang J, Wang L, Yao W, Yang Y, Xu Y, Ma F, Du Y, Wang Y. 2013. The 681 
Chinese wild grapevine (Vitis pseudoreticulata) E3 ubiquitin ligase Erysiphe necator-induced 682 
RING finger protein 1 (EIRP1) activates plant defense responses by inducing proteolysis of 683 
the VpWRKY11 transcription factor. New Phytologist 200, 834-846. 684 
Yuan Y, Zhong S, Li Q, Zhu Z, Lou Y, Wang L, Wang J, Wang M, Yang D, He Z. 2007. 685 
Functional analysis of rice NPR1-like genes reveals that OsNPR1/NH1 is the rice orthologue 686 
conferring disease resistance with enhanced herbivore susceptibility. Plant Biotechnology 687 
Journal 5, 313-324. 688 
Zhang L, Du L, Shen C, Yang Y, Poovaiah BW. 2014. Regulation of plant immunity 689 
through ubiquitin-mediated modulation of Ca(2+) -calmodulin-AtSR1/CAMTA3 signaling. The 690 
Plant Journal 78, 269-281. 691 
Zhang L, Zhang F, Melotto M, Yao J, He SY. 2017. Jasmonate signaling and manipulation 692 
by pathogens and insects. Journal of Experimental Botany 68, 1371-1385. 693 
Zhang Y, Cheng YT, Qu N, Zhao Q, Bi D, Li X. 2006. Negative regulation of defense 694 
responses in Arabidopsis by two NPR1 paralogs. The Plant Journal 48, 647-656. 695 
Zhang Y, Fan W, Kinkema M, Li X, Dong X. 1999. Interaction of NPR1 with basic leucine 696 
zipper protein transcription factors that bind sequences required for salicylic acid induction of 697 
the PR-1 gene. Proceedings of the National Academy of Sciences USA 96, 6523-6528. 698 
Zheng N, Shabek N. 2017. Ubiquitin Ligases: Structure, Function, and Regulation. Annual 699 
Review Biochemistry 86, 129-157. 700 
Zhou JM, Trifa Y, Silva H, Pontier D, Lam E, Shah J, Klessig DF. 2000. NPR1 701 
differentially interacts with members of the TGA/OBF family of transcription factors that bind 702 
an element of the PR-1 gene required for induction by salicylic acid. Molecular Plant-Microbe 703 
Interactions 13, 191-202. 704 
Zhuang M, Calabrese MF, Liu J, Waddell MB, Nourse A, Hammel M, Miller DJ, Walden 705 
H, Duda DM, Seyedin SN, Hoggard T, Harper JW, White KP, Schulman BA. 2009. 706 
Structures of SPOP-substrate complexes: insights into molecular architectures of BTB-Cul3 707 
ubiquitin ligases. Molecular Cell 36, 39-50. 708 
Zimmerman ES, Schulman BA, Zheng N. 2010. Structural assembly of cullin-RING 709 
ubiquitin ligase complexes. Current Opinion in Structural Biology 20, 714-721. 710 
 711 
 712 
713 
20 
 
 714 
 715 
Figure 1. CRL3-mediated transcriptional reprogramming in Arabidopsis and rice 716 
In Arabidopsis (left panel) stability of the transcriptional coactivator NPR1 is controlled by 717 
different CRL3 ligases. In unchallenged cells NPR1 is polyubiquitinated (grey circles) by 718 
CRL3NPR4 ligases to prevent autoimmunity (i.e. immunosuppression). Upon pathogen 719 
challenge SA induces the SUMOylation (S, blue cirlces) and phosphorylation (P, green 720 
circles) of NPR1, allowing transcriptionally active NPR1 to undergo a transcription-coupled 721 
proteolysis cycle that stimulates the expression of immune genes. In rice (right panel) 722 
immunosuppression is accomplished by CRL3-mediated ubiquitination and degradation of 723 
OsNPR1 as well as by degradation of OsWRKY45 which may also involve a CRL3 ligase. 724 
Upon pathogen challenge OsNPR1 activates immune genes but also suppresses genes 725 
involved in growth and development. Additionally, pathogen challenge activates 726 
OsWRKY45, resulting in its phosphorylation and subsequent degradation in a proteolysis-727 
coupled transcription cycle that is hypothesised to involve a CRL3 ligase. Note that the 728 
transcriptionally competent or active state of all transcription (co)regulators is represented by 729 
a shaded box.  730 

